The large forward-backward asymmetry of top quark pair production measured by hadron colliders shed light on new physics signals beyond the Standard Model.
I. INTRODUCTION
Top quark physics is one of the most attractive areas of current elementary particle physics, since it is the heaviest fermion in the Standard Model (SM). And it is also assumed having a large coupling to new physics particles in many extensions of SM. Hadron colliders provide a crucial tool for uncovering the mystery of electroweak symmetry breaking within top quark, although the most accurate measurement, such as total production cross section * Electronic address: lucd@ihep.ac.cn at the Tevatron [1, 2] is in good agreement with theoretical predictions in the standard model [3] [4] [5] [6] . Recently, the forward-backward asymmetry has been measured by the CDF and D0 collaborations [7, 8] :
CDF : 20.1 ± 6.7%, D0 : 19.6 ± 6.5%.
(
Theoretically, this forward-backward asymmetry of top quark pair production fromannihilation at hadron colliders, vanishes at leading-order QCD calculation in inclusive tt production. Due to the interference of gluon exchange tree diagram with box diagram and interference between initial and final state gluon radiation, the next-to-leading-order QCD contribution to forward-backward asymmetry is about 6% [9] [10] [11] [12] , while the electroweak correction can only contribution roughly 0.2 % [13] . This indicates that the current experimental measurement of this asymmetry is more than 2 standard deviation from the SM expectations [14] , and even 3.4σ effect has been claimed for M tt > 450GeV:
A tt F B = 0.475 ± 0.014.
The ATLAS and CMS collaborations did not discover any deviation from the SM predictions within the experimental errors [15, 16] , because initial states are almost charge symmetric due to gluon fusion at the LHC.
Right after this experimental indication, a series of new physics models have been proposed to solve this problem, such as an additional color-octet gauge boson [17] [18] [19] , a new t-channel physics contribution [20, 21] , a supersymmetric singlet [22] , and so on [23] . In Ref.
[24] a flavor-nonuniversal chiral color model has been discussed, where a parity violating light axigluon M A ∼ 1.5GeV is preferred to give large forward-backward asymmetry.
The warped extra dimension model which is proposed by Randall and Sundrum [25, 26] , is one of the most compelling candidates for extensions of SM, not only can explain the gauge hierarchy problem but also the fermion flavor puzzle in an elegant geometric manner.
In this model, the Kaluza-Klein gluons can generate forward-backward asymmetry at tree level. Unfortunately, it is noted in ref. [27] that the exchange of Kaluza-Klein gluons at tree level is difficult to generate a remarkable forward-backward asymmetry, without violating other phenomenological constraints.
In this paper, we will extend the warped extra dimension model with an extension of strong interaction to include the Kaluza-Klein axial-gluon. Similar to Ref. [24] , we find that the axial-gluon contribution in the above models can also accommodate the experimental measured forward-backward asymmetry, without violating other phenomenological constraints. In section II, we present the model explicitly and point out the importance of axigluon that induces forward-backward asymmetry at the Tevatron. We show the formulae of cross section and charge asymmetry in section III. And the numerical results can be found in section IV, which can explain the data obtained by CDF and D0. Finally, we give a brief summary in section V.
II. THE MODEL
In the Randall-Sundrum (RS) model, two 3-branes located at 0 (Planck scale) and kπR (TeV scale) on the fifth dimension, where the bulk space is a slice of anti-de Sitter (AdS 5 ) space with curvature k and radius R. If we let the SM particles propagate in the bulk except Higgs particle, which is assumed to localize around TeV brane, we can avoid the dangerous higher dimensional operators, which can induce sizable flavor-changing-neutralcurrents [28, 29] . The zero modes of fermion can be localized either on the infrared (IR) brane or the ultraviolet (UV) brane, which only depend on the mass parameters of different flavors [30] . Since top quark is much heavier than the others, we naturally assume its zero mode is localized on the IR-brane with the mass parameter c t < .
In literature [31] , an additional SU(3) group is added in strong sector, which enlarges the strong interaction group to SU(3) D × SU(3) S , where subscripts D and S indicate couplings to SU(2) L quark doublets and singlets respectively. In this model, the so-called RS flavor problem [32] , which refers to a fine-tuning of Kaluza-Klein mass to meet the CP-violating 
where the five-dimension Dirac matrices
A tiny modification of minimal bulk gauge group
where custodial symmetry is usually proposed in electroweak sector [34] to meet the electroweak phenomenology (such as the oblique parameters S, T and the Z 0 bb coupling) [35] [36] [37] and flavor phenomenology (such as the K, D and B physics) [38] [39] [40] . As a consequence, the Kaluza-Klein (KK) mass M KK > 2.4TeV is required [41, 42] .
We should rotate the gauge group to recover five-dimensional standard model gluons
As a byproduct, the axigluons
s / √ πR. πR is the length of the orbifold, and kπR ∼ 37 for stabilizing the gauge hierarchy from Planck scale. So we can express the action of axigluons and fermions as:
After KK decomposition and fixing the gauge
where
iL,R (x) are fermion zero modes, and A 
A e πkR . We take account only the first excitation of axigluon for simplicity, whose mass is M A ∼ 2.4M KK [31] . For a saving of parameters and simplicity, we assume c iL = −c iR = c i , thus
R , and denote c q and α q for light quarks while c t and α t for top quark, we can obtain:
where f L = − tan φα q and f R = cot φα q , while g L = − tan φα t and g R = cot φα t , and projection operators are P L,R = 1∓γ 5 2
. The emergence of massive axigluon is curial to the top quark production asymmetry, since it violates parity symmetry in strong sector. In another word, it induces forward-backward asymmetry within CP conservation. We will show that in the next section.
The detail of symmetry breaking to QCD gauge group is model dependent, but as a minimal possibility we assume it occurs in two steps on IR-brane with proper boundary (2) L through the zero mode of scalar particle Φ, which transforms as (3, 3, 1) , and the vacuum expectation value of Φ
Higgs doublet φ (0) , which transforms as 2 1/2 and vacuum expectation value is v ∼ 246GeV.
And we ignore the potential custodial symmetry breaking.
Although the colored Higgs particle Φ (0) could induce the dangerous proton decay, we assume its mass is heavy enough to suppress it. Since Φ (0) induces a scalar current that is parity conservation, there is no additional contribution to forward-backward asymmetry of top quark pair production. And the contribution to Peskin-Takeuchi parameter can be tamed by adding the custodial symmetry on weak sector [34] . The Kaluza-Klein modes of
Higgs particles Φ (n) and φ (n) are localized near the IR-brane, but their effects are quite tiny due to the large masses which cannot be detected by the current high energy experiments.
III. CROSS SECTION AND FORWARD-BACKWARD ASYMMETRY
In the Tevatron pp collider, the top quark pair can be produced though the leading Feynman diagram of the SM as the fist one in Fig. 1 . In the current model, there is one additional diagram exchanging axigluon shown as the second one in Fig. 1 . Since the cross section measured by the experiments agree well with the SM calculations, the new physics contribution should be much smaller than the standard model one. The interference between the QCD Born diagram and s-channel axigluon exchange will induce the forward-backward asymmetry, since the axigluon breaks parity conservation.
In partonic center-of-mass frame the differential cross section is [23] : where θ is top quark polar angle in the center-of-mass frame. The QCD leading order contribution which is charge symmetric is
The interference between gluon and axigluon contributes
Finally the third term induced by axigluons only is
The partonic center-of-mass energy is √ŝ = √ x 1 x 2 s, where x 1 , x 2 are longitudinal fractions of proton or anti-proton momentum carried by parton 1 and 2, respectively. √ s is the total center-of-mass energy of the hadron collider. And
is top quark velocity in the tt center-of-mass frame. Here we assume that the mass of axigluon is larger than colliding energy √ s of the Tevatron by considering other constraints.
One should convolute these cross sections with parton distribution functions to obtain the right cross section in the laboratory frame with a proper boost and cut. The forwardbackward asymmetry of the top quark pair productions is defined as
The leading order QCD s-channel and t-channel Feynman diagrams in tt + j exclusive production and the s-channel and t-channel axigluon exchange diagrams at leading order.
where the symmetric and anti-symmetric cross sections at partonic level are defined as:
From Eq. (2), we notice that a proper cut on the invariant mass of tt can enhance the signal/background efficiency in experimental measurements. Theoretically, we need consider the tt plus jet production. The typical Feynman diagrams are shown in Fig. 2 . Practically, the invariant mass of top-antitop pair M tt can be expressed by jet energy E j at leading-order:
IV. NUMERICAL RESULTS
In numerical analysis, we use the parton distribution functions of CTEQ5 [43] to obtain a hadronic level results. For the extra dimension model with custodial symmetry Fig. 3 , we also show the forward-backward asymmetry of tt production as a function of M A using the same model parameters. Here we take tan φ = 25 to obtain a sizable asymmetries which will be explained below. From Fig. 3 , one can see that there is a maximum in the region of 5 ∼ 6TeV for the mass of axigluon, preferred by the tt experiments, which indicate M KK > 2TeV. The axial gluon mass dependence behavior of Fig. 3 reflects the entanglement Bessel functions in Eq. (6) . Since the coupling of axigluon to top quark is much larger than that to the light quarks, the forward-backward asymmetry is enhanced only in the tt final states.
The smallness of light quark profiles around IR-brane is less important for the problem, so we consider top quark mass parameter only. The difference between light quarks and top quark coupling to the axigluon is the origin of the forward-backward asymmetry in top quark pair production. The hierarchy of fermion masses will increase the forward-backward asymmetry of top quark pair production. When c t increases, in other words, the mass of top quark decreases, the entanglement function is getting smaller and smaller. Therefore we obtain decent curves of both cross section and forward-backward asymmetry within running c t . This is explicitly shown in Fig. 4 as a function of c t with M A = 5TeV, 5.5TeV and 6TeV, with c q = 0.51 and tan φ = 25. The left picture is total cross section of top quark pair production, and the right one is forward-backward asymmetry. We use the dashed lines for CDF experimental bands and dotted ones for D0 data.
Next we show the cross section and forward-backward asymmetry as a function of tan φ in (1) is not preferred. And tan φ > 20 is allowed for a sizable forwardbackward asymmetry in tt production, which is not accordant with the assumption in [31] .
This means that g D ≫ g S , so the gauge groups are hierarchy in the bulk. On the other hand, the computation is perturbative, if we set g D ∼ 1 and g S ≪ 1. In this case, the parity violation is very tiny even in the higher dimensions. We will have only one SU(3) group in the strong sector at low energy. Additionally, since the forward-backward asymmetry is proportional to tan φ + 1 tan φ which is symmetric under transformation tan φ → 1/ tan φ,
is also acceptable. However, the hierarchy of gauge group is unchanged. Fig. 5 . From Fig. 6 we can see that with one additional hard jet, the constraint to new physics parameters are more stringent, since the asymmetry has been enhanced. A careful study will provide more information from exclusive production than the inclusive one.
In Ref. [24] a general flavor-nonuniversal chiral color model has been discussed, where a light axigluon M A ∼ 1.5GeV and a moderate mixing angle tan φ ∼ 30
• are preferred.
However, since the other experimental constraints on warped extra dimension model existed [40] [41] [42] , our mass of axigluon is much larger. In words, a special parameter space is obtained for c q ≥ 0.5, c t ∼ −0.6, M A = 5 ∼ 6TeV and tan φ ≥ 20, which is consistent with other constraints. Therefore the parameter space of this model is severe constrained, which can be tested easily by experiment in future. The axigluons is crucial to induce forward-backward asymmetry in pp collision since it violates parity, and the difference of coupling to top quark from light quarks boost it significantly. The contributions of higher Kaluza-Klein excitations are suppressed by M KK , so we can ignore them at present.
V. SUMMARY
We compute total cross sections and forward-backward asymmetries of top quark pair production in Randall-Sundrum model with enlarging strong sector to SU(3) D × SU(3) S .
Utilyzing the recent CDF and D0 data of forward-backward asymmetry, a special parameter space is obtained for c q ≥ 0.5, c t ∼ −0.6, M A = 5 ∼ 6TeV and tan φ ≥ 20, which is also consistent with flavor experiments and electroweak precision tests.
